The aim of this study was to investigate the effects of Shh (Sonic Hedgehog) 29 protein on caprine oocyte maturation, early embryo development, and 30 developmental competence after embryo transfer of vitrified-thawed in 31 vitro-produced embryos. Cumulus-oocyte complexes (COCs) derived from abattoir 32 were randomly allocated to the in vitro maturation (IVM) medium supplemented with 33 0 (Control), 0.125, 0.25, 0.5, or 1.0 µg·mL −1 recombinant mouse Shh protein. After 34 IVM, COCs were fertilized with frozen-thawed semen and the presumptive zygotes 35 were cultured on goat oviduct epithelial monolayers in M199 medium for 9 days. Our 36 results showed that supplementation of Shh (0.25 or 0.5 µg·mL 
Ptch1 mRNA in theca cells may also suggest a potential paracrine role during 97 bovine folliculogenesis. Nguyen et al. [13, 14, 15] have also reported that the Shh 98 signaling pathway is active or at least partially active in the porcine ovary, which is 99 likely associated with cytoplasmic and nuclear maturation of oocytes as well as with 100 subsequent embryonic development in vitro. Therefore, we propose that this 101 paracrine factor also promotes oocyte maturation and early embryogenesis in goats. 102
To test this hypothesis, the effects of Shh treatment during goat oocyte maturation 103 on both in vitro and in vivo developmental competence, including oocyte maturation, 104 embryonic development, pregnancy and kidding rates as well as the Shh-related 105 gene expression in reproductive cells/tissues, were all determined. 106 107
Materials and Methods 108 109

Chemicals 110
All chemicals used in the present study were purchased from Sigma-Aldrich 111 (St Louis, MO, USA), unless stated otherwise.
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abattoir and transported to the laboratory in saline at 38 ℃ within 2.5 h. Ovaries 115 were further washed in warm saline, and oocytes were harvested by slicing all 116 visible follicles (1 to 5 mm in diameter) with a blade and then flushed with TCM 199 117 (Gibco, 12340-030, Grand Island, USA) supplemented with 100 UI/mL heparin, 40 118 mg/mL gentamycin and 10 mM/mL HEPES. Only oocytes surrounded by 119 multilayered, unexpanded cumulus cells and finely granulated ooplasm (Grades 1 120 and 2) were used for IVM [16] . The cumulus-oocyte complexes (COCs) were 121 washed three times in the maturation medium (TCM 199 supplemented with 10% 122 FCS, 10 μg/mL FSH, 10 μg /mL LH, 0.2 mM sodium pyruvate, 1 μg/mL estradiol 123 17β, 10 ng/mL EGF and 100 μM cysteamine), and then cultured in 4-well dishes 124 (Nunc, Roskilde, Denmark) containing 0.5 mL of maturation medium and 20 to 30 125 oocytes per well. The COCs were incubated for 24 h at 38.5 ℃ in a humidified 126 atmosphere containing 5% CO 2 in air [17] . 127 128
In vitro fertilization (IVF) and embryo culture 129
Motile spermatozoa from frozen-thawed semen of Taiwan native goats were 130 separated by washing and centrifugation (10 min at 900 ×g) with washing medium 131 M A N U S C R I P T
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Viable spermatozoa were diluted with an appropriate volume of fertilization medium 135 (the washing medium supplemented with 20 µg/mL heparin and 0.8 µg/mL caffeine) 136 to a concentration of 1 × 10 7 spz/mL and then capacitated for 15 min at 38.5 ℃ in 137 an incubator containing 5% CO 2 in humidified air. Cumulus cells were removed by 138 gentle pipetting and oocytes were washed three times with fertilization medium. 139
Groups of 20 to 30 oocytes were transferred into a 4-well dish containing 450 µL of 140 fertilization medium covered with 350 µL of mineral oil. For fertilization, capacitated 141 sperm (50 µL) were added into the wells at the final concentration of 1×10 6 spz/mL 142 and then co-incubated for 18 h [17]. After IVF, fertilized embryos were co-cultured 143 with goat oviduct epithelial cell (GOEC) monolayer in a 4-well dish containing 500 µL 144 culture medium (TCM 199 plus 10% FCS) for 9 days and half of the culture medium 145 was renewed every 48 h. The GOEC monolayer was prepared based on a previous 146 study by Mermillod et al. with some modifications [18] . Briefly, the mucosa layer was 147 mechanically expelled by squeezing the oviduct, collected from the abattoir, with a 148 sterile microscope slide onto the bottom of a Petri dish. The epithelial fragments 149 were washed three times in TCM199 medium and placed in 4-well dishes containing 150 500 µL of TCM 199 supplemented with 10% (v/v) FCS and 80 µg/mL of gentamycin 151 and then cultured at 38.5 ℃ in a humidified atmosphere of 5% CO 2 . The GOEC 152 monolayers were established 2 days prior to being used for embryo co-culture. 
Statistical analysis 269
All data, including western blots, maturation rates, cleavage rates and 270 blastocyst rates derived from 4-6 replicates, were subjected to ANOVA, using the 271 general linear model procedure in SAS (version 9), followed by the Tukey's test. 272
Percentile data were arcsine-transformed before ANOVA and the probability at P < 273
Results 278
The RT-PCR analyses showed expressions of Shh, Smo, Ptc1, and Gli1 were 279 detected in the whole ovaries, granulosa cells, COCs, cumulus cells, oocytes and 280 oviductal epithelial cells; whereas no Ptch1 expression in cumulus cells was 281 observed (Fig. 1) . 282
The effect of Shh on ooplasmic maturation showed that mRNA levels of 283 phosphorylated ERK1/2 were increased 1.38-fold and 1.25-fold in oocytes matured 284 in the presence of 0.5 µg/mL and 1.0 µg/mL Shh, respectively, compared to those of 285 the control group (P < 0.05; Fig. 2) . 286
To further confirm the effect of Shh on nuclear maturation, oocytes harvestedM A N U S C R I P T
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from the same batch of abattoir ovaries were randomly allocated to cyclopamine, an 288
Shh inhibitor, and/or Shh treatments with four replicates. (Fig. 3) . We found that 289 oocytes (n=106) maturing in the presence of 0.5 µg/mL Shh had a greater 290 proportion to reach the MII stage than those in the control (n=103) group (93.5±1.5 291 vs. 78.2±4.5, P < 0.05). However, oocytes that matured in the same medium with 292 the presence of 0.5 (n=110) or 1.0 µM (n=131) cyclopamine had their nuclear 293 maturation compromised compared to those with Shh only or without cyclopamine. 294 (80.9±1.1, 69.6±2.5 vs. 93.5±1.5, respectively, P < 0.05). 295
The direct effect of Shh protein on nuclear maturation was evaluated by using 296 denuded oocytes (Fig. 4) , which were randomly allocated to all the treatment groups 297 in the same batch with 4 replicates. With the presence of 0.5 µg/mL Shh, 72.0% of 298 denuded oocytes (n=144) progressed to the MII stage, which was significantly 299 higher (P < 0.05) than those matured in the medium without Shh (60.5%, n=121). 300 Therefore, supplementation of Shh (0.25 or 0.5 µg·mL −1 ) significantly enhanced 301 oocyte maturation than that of the control group (92.4%, n = 67 and 95.0%, n = 62 302 vs. 86.2%, n = 64, respectively, P < 0.05; Table 2 ). 303
For subsequent embryo development, an improved blastocyst rate was 304 obtained when embryos were derived from the oocytes matured in the presence of 305 0.5 µg/mL Shh compared to the control group (66.3 ± 10.9, n = 135 vs. 41.4 ± 12.9,M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT n = 137; Table 3). 307
After embryo transfer, although their pregnancy rates were similar, the 308 parturition and embryo survival rates (number of kids born/number of transferred 309 embryos) of vitrified embryos derived from the 0.5 µg/mL Shh supplemented group 310 were 56.3 and 31.3%, respectively, higher (P < 0.05) than those without Shh 311 supplementation (37.5 and 14.8%; Table 4 ). 312 
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By using IVF embryos, we demonstrated that treating oocytes with 0.5 µg/mL 364 Shh increased blastocyst rates and total cell counts per blastocyst. Given the 365 findings that Shh increases ERK1/2 phosphorylation, it may therefore enhance the 366 cytoplasmic and nuclear maturation of oocytes which also improve embryo 367 development. However, when the concentration of Shh was increased to 1.0 µg/mL, 368 the blastocyst rate of embryos declined to a similar level as in the control group, 369 suggesting a potentially de-sensitization effect may exist at higher doses of Shh. 370
In generation of IVP embryos, the culture system has been among those most 371 critical factors to determine the quantity and quality of the resultant blastocyst, and, 372 in turn, their ability to survive after cryopreservation and embryo transfer [32, 33] . It 373 has been reported that IVP embryos are more sensitive to freezing processes than 374 in vivo embryos [18] . In the present study, we showed that IVF embryos derived 375 from IVM oocytes treated with 0.5 µg/mL Shh greatly increased their blastocyst rates 376 and total cell counts per blastocyst (Table 3 ). The increase in the cryo-survival rates 377 of more advanced embryonic stages are found to be correlated with a higher 378 number and smaller cell size of blastomeres [34, 35] . Therefore, the beneficial effect 379 reflects upon the kidding rates from Shh-treated embryos seems to be via cell 380 proliferation and cryo-tolerance of the blastocysts (Table 4) . 381
As shown in Table 4 , transfer of the vitrified IVP embryos derived fromM A N U S C R I P T
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Shh-treated oocytes resulted in the kidding rate and embryo survival rate (56.3% 383 and 31.3%, respectively) similar to those in the previous studies [36,37] on direct 384 transfer of in vivo-or in vitro-derived vitrified embryos (52% and 34%; 56% and 33%, 385 respectively). Although the mechanisms behind are not completely understood, in 386 this study, Shh was shown to have a beneficial effect on IVP embryo quality, and 387 consequently improved their survival rates comparable to that of the vitrified IVP and 388 in vivo-derived embryos in this study. Values in the same column without the same alphabetic letters differ (P < 0.05). 
Table 4 594
In vivo development of vitrified-thawed goat embryos derived from the oocytes 595 matured in the medium supplemented with Sonic Hedgehog (Shh) 596
Parameters
Control Shh
